Binding specificity of Cas9-guide RNA complexes to DNA is important for genome engineering applications, but how mismatches influence target recognition and rejection kinetics is not well understood. We used single-molecule FRET to probe real-time interactions between Cas9-RNA and DNA targets. The bimolecular association rate is only weakly dependent on sequence, but the dissociation rate greatly increases from < 0.006 s -1 to > 2 s -1 upon introduction of mismatches proximal to the protospacer adjacent motif (PAM), demonstrating that mismatches encountered early during heteroduplex formation induce rapid rejection of off-target DNA. In contrast, PAM-distal mismatches up to 12 base pairs in length, which prevent DNA cleavage, still allow the formation of a stable complex (off-rate < 0.006 s -1 ), suggesting that extremely slow rejection could sequester Cas9-RNA, increasing the Cas9 expression level necessary for genome editing thereby aggravating off-target effects.
proven to be extremely versatile tools for genome engineering applications 5 , and minimizing off-target effects 6 remains an active area of study. In order to improve its efficacy of processing only the correct targets, we need knowledge on how quickly cognate sequence is recognized and how quickly partially matching sequences are rejected. Single molecule methods are ideal for this task because they can detect transient interactions and identify multiple states in real time.
We used single-molecule fluorescence resonance energy transfer 7, 8 (smFRET) to directly observe individual Cas9-RNA complexes binding to DNA targets in real time. Donor (Cy3) and acceptor (Cy5) fluorophores were conjugated to modified nucleotides in the DNA target and crRNA, respectively, so that FRET between them would report on Cas9-RNA binding to the DNA ( Fig. 1a and Supplementary Fig. 1) . Fluorescence labeling did not compromise target cleavage ( Supplementary Fig. 2) . After introducing 20 nM Cas9-RNA complexes to cognate DNA target molecules immobilized on passivated microscope slides, two distinct populations were observed centered at FRET = 0.92 and 0, respectively (Fig. 1b, c) . The labeling sites are separated by 30 Å 9 (Supplementary Fig. 1) , consistent with the observation of the high FRET value upon Cas9-RNA binding. In control experiments using a non-cognate (fully mismatched) DNA target with PAM ( Supplementary Table 1 ), or guide-RNA without Cas9, the 0.92 FRET state was not observed (Fig. 1c) . Therefore, we assigned the 0.92 FRET state to a stably formed Cas9-RNA-DNA complex. The high FRET state was long-lived, with a lifetime (~3 min) limited only by fluorophore photobleaching (Supplementary Fig. 3d) . A catalytically dead Cas9 mutant (dCas9; D10A/H840A mutations 2,3 ) showed signal indistinguishable from active Cas9 ( Supplementary Fig. 3 ), indicating that DNA products remain tightly bound after cleavage as was observed previously 4 ( Supplementary Fig. 2) . To capture the moment of binding, we added Cas9-RNA into the flow cell during data acquisition. FRET efficiency increased from 0 to 0.92 in a single step ( Fig. 1d ), suggesting that any intermediates on-path to target binding, if present, cannot be resolved at the time resolution of our measurements (0.1 s).
We next examined how DNA targets with imperfect RNA-DNA complementarity are discriminated against and rejected by Cas9-RNA. We prepared a series of donor-labeled, fully duplexed DNA containing mismatches relative to the guide-RNA ( Supplementary Table   1 and Fig. 2a ). The mismatches were introduced either from the PAM proximal side or from the PAM distal side, and are denoted using the naming convention x-y mm where x th through y th base pairs are mismatched. The fraction of DNA bound by Cas9-RNA (ratio between counts with FRET > 0.75 and total counts in FRET histograms) remained identical to the cognate DNA up to 12 PAM-distal mismatches (17-20 mm , 13-20 mm , 12-20 mm , 11-20 mm , 10-20 mm , 9-20 mm ) ( Fig. 2b, d) .
The bound state remained stable, with the observed lifetimes limited only by fluorophore photobleaching (Supplementary Fig. 3d ). A large decrease in the bound fraction occurred only when the number of mismatches from the distal end exceeded 13 bp (7-20 mm , 6-20 mm , 5-20 mm ), corresponding to less than 7 matched bp from the PAM-proximal end. In contrast, even 2 bp mismatches from the PAM-proximal end (1-2 mm ) were deleterious for Cas9-RNA binding and binding to 4 bp PAM-proximal mismatches (1-4 mm ) was indistinguishable from binding to fully mismatched (1-20 mm ), underscoring the importance of the PAM-proximal seed region ( Fig. 2c,   d ).
For DNA targets to which Cas9-RNA binds weakly, we observed a second bound state with a mid FRET peak at ~0.42, in addition to the 0.92 high FRET state. Single-molecule time trajectories ( Fig. 3a) and transition density plots reporting on the relative transition frequencies after hidden Markov modeling analysis 10 ( Fig. 3b and Supplementary Fig. 4-5 ) revealed reversible transitions between the unbound (FRET<0.2) state and both mid and high FRET bound states, and lifetime analysis as a function of Cas9-RNA concentration confirmed that transitions are due to Cas9-RNA association/dissociation events (Online Methods, Supplementary Fig. 6-7) . The mid FRET was more frequently observed as the number of mismatches increased ( Fig. 3b and Supplementary Fig. 4) , and were also observed for DNA targets without PAM or without matching sequence, indicating that it does not require either ( Supplementary Fig. 8-9 ). The high FRET state was rarely observed without PAM ( Supplementary Fig. 9 ). We propose that the Cas9-RNA has two binding modes (Fig. 3e) . Multimodal binding kinetics were also observed for Cascade in Type I CRISPR systems, but its shorter-lived binding mode plays a priming function which is absent for Cas9 11 .
Survival probability distributions of dwell times in the bound state (FRET>0.2) before transitioning to the unbound state were best described by a double-exponential decay ( Supplementary Fig. 10 ).The amplitude-weighted lifetime of the bound state ( avg ) decreased precipitously even with just 2 bp PAM-proximal mismatches. In contrast, 12 bp mismatches were necessary from the distal end for any detectable decrease in  avg (Fig. 3c) .
Similar pattern was also observed for lifetime of transitions from high to zero FRET state whereas the lifetimes of the mid to zero FRET state remained short for all DNA targets tested, on average ~0.1 s ( Fig. 3c) , supporting our proposal that the mid FRET state is a sampling mode that does not require sequence recognition. In contrast to the bound state lifetimes, the lifetimes of the unbound state were only weakly dependent on sequence ( Fig. 3c and Supplementary Fig. 8 ), yielding the bimolecular association rate constant (k on ) of ~ 6 x 10 6 M -1 s -1 with some reduction for DNA targets without PAM. Overall, our kinetic analysis showed that mismatches affect Cas9-RNA binding mainly through changes in the dissociation rate. Complete kinetic model along with rates of transitions between different states for some DNA targets are in Supplementary Figure 11 . Fig.   3 ). Therefore, DNA sequences with 9 or more matching bp from the PAM proximal end have extremely long times, and Cas9-RNA would be unable to reject such sequences rapidly. A prediction of this model is that inserting a roadblock of mismatches near this boundary would prematurely terminate heteroduplex extension such that dissociation kinetics would be independent of the presence of a matched sequence beyond the block. To test this prediction, we created two "roadblock" targets, 9-12 mm and 5-8 mm . Indeed, the binding fraction and the lifetime of the bound state ( Supplementary Fig. 12 and Fig. 3d ) for 9-12 mm and 5-8 mm were similar to those of 9-20 mm and 5-20 mm , respectively, confirming our prediction.
A two-step mechanism of Cas9-RNA binding involving PAM surveillance in the sampling mode and RNA-DNA heteroduplex formation upon PAM recognition (Fig. 3e) is also supported by structural analysis of Cas9 and Cas9-RNA-DNA ternary complexes, in which interactions between PAM-interacting amino acid motifs in Cas9 and the PAM of the DNA target precede and guide the further RNA-DNA heteroduplex formation 9, 13, 14 . Our observation that the heteroduplex lifetime increases greatly between 6 and 8 base pairs can be explained by the recently determined Cas9-RNA structure 14 , in which Watson-Crick faces of eight PAM-proximal nucleotides are solvent exposed, thus primed for heteroduplex formation. Once an RNA-DNA heteroduplex of 8 bp or more is formed, Cas9-RNA establishes a stable complex with the DNA, regardless of PAM-distal mismatches. Therefore, Cas9-RNA is unable to rapidly reject such offtarget DNA, which it cannot cleave, and is sequestered by off-target DNA, limiting the speed of genome editing. This effect would increase the minimal amount of Cas9-RNA required for genome editing, and may in turn lead to an increase in off-target cleavage. For applications requiring binding only, for example genome decoration or gene regulation, binding specificity will be almost entirely determined by the first 8 or 9 bps away from PAM, greatly reducing the ability to target well defined sequences in a large genome. For example, we found that 1126 positions in the human reference genome match PAM plus 8 bp in the sequence we used (Supplementary Table 2 ). For future improvements in Cas9 proteins, we suggest that one should focus on rapid rejection of such off targets.
METHODS
Methods and any associated references are available in the online version of the paper.
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ONLINE METHODS

Sample preparation.
All DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT, Coralville, IA 52241). The Cy3 label in the DNA target is located 3 bp upstream of the protospacer adjacent motif (PAM 5'-NGG-3') and was achieved via conjugation of Cy3 N-hydroxysuccinimido (NHS) to an amino-group attached to a modified thymine through a C6 linker (amino-dT). The entire panel of DNA targets used in our measurements is available in Supplementary Table 1 . A 22 nt long biotinylated adaptor strand was used for surface immobilization (Supplementary Fig. 1b) .
DNA targets were prepared by mixing all three component strands and heating to 90°C followed by cooling to room temperature over 3 hrs. The active Cas9 (Cas9) (from Streptococcus pyogenes) and catalytically dead Cas9 (dCas9) were expressed in E. coli strain BL21 Rosetta 2 (DE3) (EMD Biosciences) and purified as has been described previously 2 . The guide-RNA consists of CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA). The crRNA with an amino-dT was purchased from IDT and was labeled using Cy5-NHS. The tracrRNA was prepared using in vitro transcription as described previously 4 . The guide-RNA was assembled freshly for each experiment by mixing equimolar accounts of Cy5-labeled crRNA with tracrRNA, heated to 80°C followed by slow cooling to room temperature. The guide-RNA was then complexed with Cas9 (2-3 times the stoichiometric amount of guide-RNA) to form the Cas9-RNA complex for use in imaging experiments. RNA sequences are available in Supplementary Table   1 . A detailed schematic of the DNA and the Cas9-RNA design can be found in the Supplementary Figure 1 . The Cas9-RNA activity on the cognate sequence used in this study was characterized previously 4 . Our biochemical assays showed that fluorophore labeling in the DNA target or crRNA had not impaired DNA target cleavage. (Supplementary Fig. 2) .
Single-molecule detection and data analysis.
Cy3-labeled DNA targets were immobilized on the PEG (Polyethylene glycol) passivated surface using neutravidin-biotin interaction. The DNA target molecules were then imaged in the presence of Cy5-labeled Cas9-RNA (referred to as Cas9-RNA for brevity here) using the total internal reflection fluorescence microscopy. Imaging was performed at room temperature in a buffer (20 mM Tris-HCl, 100 mM KCl, 5 mM MgCl 2 , 5 % (v/v) glycerol, 0.2 mg/ml BSA, 1 mg/ml glucose oxidase, 0.04 mg/ml catalase, 0.8% dextrose and saturated Trolox (~3 mM)). The time resolution for all the experiments was 100 ms unless stated otherwise. Detailed methods of single-molecule FRET (smFRET) data acquisition and analysis were described previously 8 . The FRET histograms and Cas9-RNA bound DNA fraction.
The first five frames (100 ms each) of each of the molecule's FRET time trajectories were used as data points to construct the FRET histograms. The first ten frames were used for the FRET histograms in Supplementary Figure 2 . The Cas9-RNA bound DNA fraction was calculated as the fraction of data points with FRET >0.75 and the total number of data points in the FRET histograms. For each DNA target, the single molecule FRET time trajectories from the three independent experiments were combined together to construct the FRET histograms as described.
Lifetime analysis of bound and unbound states via thresholding.
To confirm that the FRET signal indeed reports on Cas9-RNA binding, the lifetimes of the zero (Supplementary Fig. 2) . In order to perform unbiased analysis of apparently three-state FRET fluctuations observed from binding-challenged DNA targets, we employed hidden Markov model analysis and generated idealized FRET time trajectories 10 , assuming there are three distinct FRET states (high, mid and zero FRET states). To estimate the lifetime of the putative bound states, the survival probability of all the bound state events (mid and high FRET states taken as a single state, FRET > 0.2) vs time was fit using a double exponential decay profile (A 1 exp(-t/ 1 )+A 2 exp(t/ 2 )) ( Supplementary Fig. 10) . The final bound state lifetime ( avg, observed ), is an amplitude weighted average of two distinct lifetimes  1 and  2 i.e.  avg, observed = A 1  1 +A 2  2 (k observed = 1/ avg, observed ).
Association rates.
We determined the observed rates of binding k binding using two independent methods. First, the Cas9-RNA binding events were captured in real time by flowing Cas9-RNA into the sample chamber with immobilized DNA target molecules (Supplementary Fig. 6a) . Second, for the binding challenged DNA targets that showed reversible association/disassociation, the smFRET time trajectories obtained under steady state conditions were used to extract the unbound state duration between adjacent binding events (Supplementary Fig. 6b ). These dwell times in the unbound state were then used to get the rate of association by fitting their survival probability distribution to a single exponential decay (Supplementary Fig. 7a ).
Rates of transitions between different states.
Generation of idealized FRET time trajectories using the hidden Markov model 10 yielded three different FRET states (zero, mid and high) along with the probabilities of transitions between the various FRET states. The log of transitions probabilities between any two states was used to estimate the mean transition probability between the two given states which was then used to estimate the rate as following: If each frame is acquired over 0.1s, then sampling rate (1/0.1) = 10 s -1
Correction factors.
Because the high FRET state was very long-lived for certain DNA targets (i.e. 8-20 mm , 9-20 mm , 9-12 mm , 1-2 mm ), their dwell times were not accurately captured due to photobleaching-induced truncation of smFRET time trajectories. The same is true for the dwell time of the unbound state. We made the following correction to obtain the actual rate. where k observed is the rate calculated above and k photobleach (high/zero FRET state) is the rate of photobleaching of the high or zero FRET state. Finally, we obtain  avg = 1/ k actual .
Counts of DNA target sequences in human genome.
The human genome assembly (GRCh38.p6) was analyzed using custom MATLAB scripts to calculate the total occurrences of DNA target sequences used in this study, which is referred to as the actual count (Supplementary Table 2 ). The total number of occurrences expected for a sequence, assuming a random distribution of A, T,G and C nucleotides, is referred to as the probabilistic count and is calculated as follows : Probabilistic Count = (¼) n × Total number of bp in human genome ( 3.2 billion) where ¼ is the probability of occurrence of any given nucleotide at a position in the sequence, and n is the number of bp in the genome.
